We present the results of collapse calculations for uniformly rotating, prolate clouds performed using the numerical method: smoothed particle hydrodynamics (SPH). The clouds considered are isothermal, prolate spheroids with different axial ratios (a/b), and with different values of , the ratio of the rotational to gravitational energy. Small density perturbations are added to the clouds, and different initial perturbation spectra are studied. All of the clouds considered are strongly unstable to gravitational contraction, and so collapse to form a spindle configuration. Such a linear structure is unstable to fragmentation, so that the clouds break up into a number of subcondensations. The long-term evolution of the system is then determined by the angular momentum possessed by these fragments.
I N T R O D U C T I O N
Observational evidence presented by a number of authors (Ghez, Neugebauer & Matthews 1993; Leinert et al. 1993; Reipurth & Zinneker 1993) suggests that a large fraction of pre-main-sequence (PMS) stars in low-mass star-forming regions are members of binary or higher-order multiple systems. Surveys carried out in the solar neighbourhood (e.g. Duquennoy & Mayor 1991) indicate that the majority of main-sequence stars (960 per cent) are members of binary systems. The physical processes that lead to the creation of this multiplicity in the stellar population are not yet understood in detail. It is apparent, however, that the phenomenon of binarity is established long before the stars reach the main sequence, and is probably established during the star formation process itself.
A number of basic ideas have been proposed to explain the occurrence of binary stars, and these can essentially be categorized as fission, capture and fragmentation. Fission, which is the breakup of a rapidly rotating protostar due to rotational instability, has been put forward as a possible mechanism by which close binaries may be formed, and early calculations (Lucy 1977) appeared to indicate that it was indeed possible. More recent calculations (Durisen et al. 1986) show that, instead of leading to fissue, the rotational instability of a compressible polytrope leads to the ejection of spiral arms that are efficient at redistributing angular momentum through the action of gravitational torques. The end-result is a central, stably rotating object containing most of the mass, surrounded by a more tenous ring of material containing a substantial fraction of the angular momentum.
In the capture scenario, two stars that are initially unbound lose some of their relative translational energy either through the tidal dissipation of energy (Fabian, Pringle & Rees 1975) , or by giving it to a third body (Hills 1976) . In order for the former to occur, the two stars must have a distance of closest separation of the order of the stellar radii, and for the latter mechanism to operate three stars must simultaneously occupy a volume defined by r:GM/v 2 (Hills 1976) , where M is the stellar mass and v is the velocity dispersion. Neither of these mechanisms appears to be an important source of binaries from a statistical point of view. The influence of circumstellar discs in increasing the capture cross-section has recently been investigated (Clarke & Pringle 1991a,b) . The results obtained by these studies imply that capture rates are too low to play a significant role in binary formation, at least when outside of the globular cluster environment.
The favoured method of forming binary stars is by the fragmentation of a rotating gas cloud. Numerous numerical simulations have shown that the collapse of an initially spherical, uniformly rotating cloud can lead to the formation of a centrifugally supported ring (Larson 1972; Black & Bodenheimer 1976; Tohline 1980) . Norman & Wilson (1978) found that, if non-axisymmetric perturbations were added to this toroidal structure, then it was able to break up into two or more subcondensations. If perturbations are added at the beginning of the calculation, then the ring stage may be bypassed, and fragmentation of the cloud may occur directly (Bodenheimer, Tohline & Black 1980; Bodenheimer & Boss 1981) . None the less, problems still remain with this scenario. For example, the end-product of such a calculation is usually an equal-mass binary, with low orbital eccentricity. Such systems are observed to be rather rare (Duquennoy & Mayor 1991; Leinert et al. 1993; Reipurth & Zinnecker 1993) . Also, for numerical reasons, it was not possible to follow the longer-term evolution of these systems, so that the final outcome remains unclear.
The possibility that the supersonic collision between two gas clouds may lead to fragmentation of the dense interface between the two clouds has been investigated by Pongracic et al. (1992) and Turner et al. (1995) . Fragmentation is found to occur due to the strong density dependence of the cooling, leading to a rapid removal of the thermal support.
An alternative fragmentation scenario that has been explored is the idea that binaries may originate from the breakup of elongated cylinders that are rotating end over end (Bonnell et al. 1991) . Observational analysis presented by Myers et al. (1991) suggests that many of the dense, molecular cloud cores observed in active low-mass starforming regions are actually prolate, with the observed axial ratios being about a/b%2, the most extreme being a/b#5. Complementary observations presented by Goodman et al. (1993) indicate, from the analysis of velocity gradients, that many of these cores are slowly rotating. The values of the ratio of the rotational to gravitational energies ( ) are estimated to be %0.1, with a typical value of :0.02. These cores usually have masses of about a few M ᖿ , sizes of L%0.1 pc and temperatures of T%10 K. Calculations performed by Larson (1972) showed that the collapse of an isothermal, prolate cylinder results in the formation of two high-density regions at the ends of the cloud. Similar, though more detailed, calculations performed by Bastien (1983) corroborated this general result. Results obtained by Bonnell et al. (1991) confirmed the notion that a collapsing cylinder, rotating slowly about one of its short axes, could lead to the formation of a binary system. However, the dominant mode of fragmentation of an elongated body with truncated ends, such as a finite cylinder, appears to be contaminated by an 'end effect', resulting from the sharp increase in the inward gravitational attraction experienced by material located at the ends of the cloud, relative to material just interior to it (Bastien 1983) . None the less, the fragmentation of elongated clouds without truncated mass distributions remains as an interesting idea when searching for new modes by which molecular clouds may fragment.
The aim of the current work is to examine the range of physical parameters for which the collapse of uniformly rotating, prolate clouds is able to form orbitally stable binary systems. As a first step towards exploring this process, rather simple initial conditions were chosen: gravitationally unstable, isothermal, prolate spheroids of differing axial ratio, undergoing solid-body rotation about one of their short axes, in the absence of magnetic fields and in the presence of low-level perturbations. The rotation rates were chosen so that rotation plays only a minor role during the initial collapse phase, in line with the observed velocity gradients reported by Goodman et al. (1993) . Consequently, it is expected that the clouds will initially follow similar evolutionary paths to those described in Nelson & Papaloizou (1993) , i.e. they will collapse on to their symmetry axes before fragmenting into two or more subcondensations. The survival of these fragments as individual entities then depends on whether or not they have sufficient angular momentum to avoid coalescing as they fall towards the cloud centre.
For a given value of a/b, the cloud axial ratio, results are obtained for different values of , the ratio of rotational to gravitational energy, and for different initial perturbation spectra. For those clouds that were found to form binaries, qualitatively different final configurations occurred in terms of orbital separation, eccentricity, etc. Two of these calculations are described on a case-by-case basis, with attention being paid to the various physical processes that are responsible for causing the systems to evolve differently. The calculations that did not result in the formation of a binary tended to lead to qualitatively similar results, and so a discussion of only one illustrative example is presented.
Calculations were also performed to examine the effect of increasing the resolution of the simulations. The qualitative nature of the results remains the same, though the details are found to change. This paper is organized as follows. The basic equations of the problem are given in Section 2, and a description of the numerical method and initial setup is presented in Section 3. The initial and boundary conditions used in the calculations are described in Section 4. The results of the numerical calculations are described and analysed in Section 5. In Section 6 a discussion of the results is presented, including comparisons with relevant work in the field, and concluding remarks are drawn in Section 7.
E Q UAT I O N S O F M O T I O N
The continuity and momentum equations for a compresible fluid can be written 
was used, where the first term on the right-hand side of equation (4) represents an isothermal contribution (c s is the sound speed), and the second term represents an adiabatic contribution, with :5/3. Arguments presented in the literature suggest that molecular clouds undergo an isothermal phase for a range of about 10 6 in density (Tohline 1982) , after which the optical depth rises above unity due to dust grain opacity. From a numerical point of view, it is necessary to stop the collapse of a cloud at some point if one wishes to follow its evolution beyond the initial fragmentation phase, owing to the reduction in the time step size. To remedy this problem, the dominant contribution from the equation of state during the initial collapse phase was provided by the isothermal term in equation (4). The polytropic constant, K, in equation (4) was chosen such that the contributions from both terms on the right-hand side of equation (4) became equal after the density had increased by a factor of 10 6 above the initial cloud density, thus slowing the collapse at that point.
Since we consider the gas to be essentially isothermal, no energy equation is required. Energy dissipated through the action of artificial viscosity is simply allowed to leave the system.
N U M E R I CA L M E T H O D
The set of equations described in the preceding section is solved using smoothed particle hydrodynamics (SPH) (Lucy 1977; Gingold & Mohaghan 1977) . SPH uses particles to represent a subset of the fluid elements that arise in the Lagrangian description of a fluid. The version of SPH used in the calculations presented here is a conservative formulation of the method that employs variable smoothing lengths (Nelson & Papaloizou 1994) . For the sake of brevity, we do not provide a detailed description of the method, but only highlight those points salient to the work presented in this paper. A detailed description of the code is presented in Nelson & Papaloizou (1994) , along with a number of test calculations.
In order for the method to be conservative, the smoothing lengths must be functions only of the interparticle separation. Accordingly, we find the N TOL nearest neighbours and calculate the smoothing lengths, h i , using the expression
where the summation is over the N far most distant nearest neighbours of particle i. For the calculations presented here, we take N TOL :45 and N far :6. The numerical method employs an artificial viscosity term, which allows shocks to be properly modelled. The magnitude of this viscosity is controlled by two parameters, and (Nelson & Papaloizou 1994 ), which should not be confused with the parameters that describe the thermal and rotational energy content of the cloud models. We set these parameters to have the values :0.5 and :1.0.
The gravitational forces are calculated using an implementation of the Barnes-Hut hierarchical tree algorithm (Barnes & Hut 1986; Hernquist 1987) . The interparticle potential was softened by the method of spline softening (Gingold & Monaghan 1977) , with a constant value of the softening length used in each calculation. The value of the softening length is given by h grav :0.02R cloud , where R cloud is the initial size of the cloud.
I N I T I A L A N D B O U N DA RY C O N D I T I O N S
The calculations presented in this chapter were performed for clouds that are intended to be similar to those reported by Myers et al. (1991) and Goodman et al. (1993) . Axial ratios of 2:1 and 4:1 were chosen. The value of (the ratio of the thermal to the gravitational energy) was taken to be equal to 0.25 for all clouds considered. This value is somewhat lower than that determined from observations. Previous studies indicate that fragmentation of prolate clouds, in the absence of initial density perturbations, only occurs if they are highly unstable to gravitational collapse (Nelson & Papaloizou 1993 ). The addition of initial density perturbations allows fragmentation to occur more easily (Nelson & Papaloizou 1993; Boss 1993 ), so we expect the clouds in these calculations to break up into a number of discrete condensations. Values of (the ratio of the rotational to the gravitational energy) were taken to be :0.02, 0.04 and 0.08 respectively, ensuring that rotation plays only a minor role in determining the cloud dynamics during the early collapse phase.
Initially, the particle positions were calculated by placing them on a body-centred cubic lattice, subject to the condition that they lay within the volume described by a prolate spheroid of given axial ratio. Small (i.e. /¯ 10 per cent) density perturbations were then introduced by giving each particle a slight random displacement from its original lattice position. For all clouds defined by the different combinations of , and a/b described in the previous paragraph, calculations were performed for two different spectra of initial perturbations, which were obtained by simply changing the seed in the random number generator used to calculate the small displacement given to each particle. Thus, 12 distinct clouds were considered in total.
A constant-volume boundary condition was used to confine the particles within the computational domain. This was achieved by reflecting any particles that tried to leave the volume initially occupied by the cloud. Since these calculations are for clouds that are highly unstable to gravitational collapse, most of the material is rapidly advected away from the boundary, and effects arising from this boundary condition appear to have no affect on the outcome of the calculations (Nelson 1994; Nelson & Langer 1997) .
By assuming a temperature of 10 K for the clouds, and by fixing their linear scale, one can obtain masses for the cloud models. For the 2:1 case, a length of 0.1 pc was assumed, giving a mass of M:2.91 M ᖿ . For the 4:1 cases, a length of 0.2 pc was assumed, giving a mass of M:3.97 M ᖿ .
Particle numbers of between 2500 and 3000 were used for most of the calculations. This rather low number of particles was used so that the calculations could be evolved far enough in time that the orbital trajectories of any binary systems formed could be computed. Test calculations show that a standard isothermal sphere collapse calculation can be modelled fairly accurately using aproximately 2000 particles. We therefore believe that the earlier stages of the collapse and fragmentation of the clouds are modelled with reasonable accuracy, though the calculations lack the resolution necessary to model the internal structure of the fragments with a high degree of accuracy at later times.
To check that the qualitative nature of the results obtained is not a sensitive function of the particle number used, two additinal calculations were performed using N%15 000 particles. These calculations are described in greater detail below.
R E S U LT S
The results from the calculations described in Section 4 are presented in Table 1 . The first column lists the label given to each calculation, and the second column gives the ratio of the semimajor to the semiminor axes of the initial cloud. The third column indicates which spectrum of initial perturbations was present in the cloud (labelled as A and B), whilst the fourth column gives the initial value of . Column five describes whether a stable binary resulted from the calculations, and columns six, seven and eight give the final masses of the two (if any) remaining fragments, and their mass ratio respectively. The ninth column provides an estimate of the orbital eccentricity, and column ten gives the orbital period in years, for simple comparison with observed periods. The semimajor axis of the relative orbit is given in the eleventh column. The orbits of the binary objects produced by these calculations are not closed ellipses, for reasons discussed below. Consequently, the eccentricity of the orbits quoted in Table 1 was calculated by taking the mass, centre-of-mass positions and centre-of-mass velocities of the two fragments at the end of the collapse calculations, and using them as input values for the two-body problem, consisting of two point masses with these initial values. The orbits thus obtained are obviously not identical to those emerging from the full hydrodynamic calculatons, but the eccentricities are close approximations to the real values.
The general behaviour of the clouds during the early stages of the collapse is illustrated by Fig. 1 . As expected from the theoretical arguments and numerical results presented in Nelson & Papaloizou (1993) , for the collapse of non-rotating prolate clouds, all the clouds initially undergo collapse down on to the symmetry axis to form a spindle configuration. This spindle then proceeds to fragment into a number of discrete objects. It is apparent that a cloud's rotation plays only a minor role in the internal dynamics during this initial collapse phase, but becomes more important later on as the fragments fall towards the centre of the cloud. As the collapse progresses, the number of discrete fragments apparent in Fig. 1 decreases as they begin to emerge, until only three distinct high-density objects are left, which have grown in mass over a relatively short timescale through the continued accretion of neighbouring material along the line. This appears as a common phenomenon in many of the calculations performed for uniformly rotating prolate clouds. The central fragment forms due to the strong collapse of the central regions on to the axis, and 660 R. P. Nelson © 1998 RAS, MNRAS 298, 657-676 Table 1 . Results of calculations. The first column provides the label given to each run, the second column provides the axial ratio. The third column gives the label given to the initial perturbation spectrum, and the fourth column lists the value of . The fifth column describes whether not not a binary was formed, and the sixth, seventh and eighth columns provide the masses and mass ratio, respectively, of any binary formed. The ninth column provides an estimate of the orbital eccentricity, the tenth column an estimate of the orbital period, and the eleventh column an estimate of the semimajor axis of the orbit. tends initially to be the most massive because the mass per unit length of a prolate spheroid is greater in the central regions. The two outer fragments have formed from material further out in the cloud that collapses on to the long axis, and they continue to grow -reinforcing their identity in the process -by the coalescence of a number of smaller fragments that initially form in these regions. The collapse calculationss of Boss (1993) and Sigalotti & Klapp (1997) similarly show the breakup of a rotating prolate cloud after it has collapsed to form a dense spindle, but were unable to follow the subsequent orbital evolution of the fragments to determine if they possessed sufficient angular momentum to avoid coalescence. Beyond the initial collapse phase, when the remaining fragments fall towards one another at the cloud centre, the subsequent evolutionary behaviour of each of the individual cases tends to be quite different, and as a consequence the final outcome of two of the more interesting collapse calculations is discussed on a case-by-case basis in the following sections. For those calculations that did not result in the formation of a stable binary system, due to the fact that the fragments did not have sufficient specific angular momentum to avoid coalescence when they arrived at the centre of the cloud, the final outcome of these calculations tended to be quite similar, i.e. only a single rotating object remained. Consequently, a description of only one such calculation is presented since this is sufficient to illustrate the qualitative results obtained for the rest.
No binary system formed
It can be seen from the data presented in Table 1 that the majority of the collapse calculations performed with uniformly rotating clouds ultimately result in the formation of a single object, rather than a binary or multiple system. The general evolutionary behaviour of such systems is illustrated in Fig. 2 , in which particle projections in the x-z plane are presented for calculation C28B.
As described above, the cloud collapses initially to a spindle configuration, which then fragments into a number of objects. From panels 3 and 4 in Fig. 2 it may be seen that the central fragment is the most prominent, and forms a Table 1 . The time, in units of the initial cloud free-fall time, represented by each panel is given at the top of each frame. Note that the scales change in panels 3 and 4 so that the contours represent the density in the central regions of the cloud.
rotating bar-like object, which grows continuously by accreting material from the surrounding linear structure. As the gaseous clumps formed along the spindle fall towards the centre of the cloud, their angular velocity increases, but the angular momentum they possess is insufficient to prevent them from coalescing with the central object. The result is the formation of a dense, rotating fragment surrounded by a more diffuse, rotationally supported disc. The spiral structure apparent in the disc in panel 8 of Fig. 2 is due to the continued winding up of the linear structure as it falls towards the central object.
The qualitative outcome described above is illustrative of the general trend observed for all calculations that did not result in the formation of a binary. In other cases, for example calculation C24A and the calculations performed for clouds with a/b:4, more highly defined fragmentation 662 R. P. Nelson © 1998 RAS, MNRAS 298, 657-676 Figure 2 . The evolutionary sequence for calculation C28B described in Table 1 . Particle projections are plotted in the x-z plane, and units along the x and z axes are expressed in computational units. One unit represents :0.004 pc. The time, in units of the initial cloud free-fall time, is shown at the top of each panel.
was found to occur along the linear structure, resulting in the formation of three discrete objects, but none the less these fragments possessed insufficient angular momentum to avoid coalescence with the central fragment. Calculations with higher resolution may lead to a higher fraction of binaries being formed, because in this case the individual objects formed would have their interior structure more accurately modelled, and consequently may have a lower coalescence cross-section. Future calculations will be performed to test this hypothesis.
Stable binary systems formed
The results obtained for those calculations that produced stable binary systems tend to show qualitative dissimilarities in terms of the orbital period, eccentricity and binary mass ratio, etc., as may be observed in Table 1 . Two calculations, C28A and C48A, for which a stable binary was formed, are described below. These two calculations were chosen because the qualitative differences in their final outcomes were the most extreme of all calculations performed.
Calculation C28A
The initial parameters used in this calculation were :0.25, a/b:2 and :0.08. The initial perturbation spectrum is that labelled 'A' in Table 1 . In physical units, the mass of this cloud was M:2.91 M ᖿ , its temperature 10 K and its length L:0.1 pc. The time evolution of the collapse is illustrated by Fig. 3 , in which particle projections in the x-z plane are presented. The time, in units of the initial free-fall time, represented by each panel is given at the top of each frame. In this case, the cloud free-fall time is given by t ff :Z3 /32G %54 000 yr.
The initial collapse phase of this calculation is similar to that shown in Fig. 2 , in that a substantial portion of the cloud collapses down on to the long axis, and is therefore not shown in Fig. 3 . The spindle formed by this process breaks up into a number of objects, some of which coalesce to form larger fragments, until three distinct bodies are left, two of which fall towards the central, more massive fragment. Following the evolution from panel 3 to panel 4 in Fig. 3 , it can be seen that one of the more outlying fragments merges with the rapidly rotating central object, which has developed an elongated distortion.
In general, a rapidly rotating object becomes rotationally unstable if exceeds the critical value for dynamic instability (typically %0.27; Tassoul 1978), leading to the formation of a bar mode. However, analysis of the central fragment in this calculation shows that it has a value of :0.16-0.20, which is too low for rotational instability to occur. Instead, it appears that the bar mode occurs as a response to tidal forces arising from the presence of the approaching fragments, combined with the fact that the primary object is rapidly rotating. The bar mode is seen to grow and decay intermittently, presumably because the rotating bar loses angular momentum to the approaching fragments. The mode then decays as the bar recollapses down into its potential well, spinning up again as it does so. As the fragments continue to approach, the tidal forces they exert increase, causing the bar distortion to grow again, with the process just described repeating itself until the primary object merges with one of the incoming fragments.
The remaining fragment, however, has sufficient angular momentum to avoid merging with the central object and is able to form an orbitally stable companion. It is apparent that the centre-of-mass position of the central object plays an important role in determining whether or not either of the more outlying fragments is likely to survive as an independent entity. In particular, panel 3 of Fig. 3 shows the central object in calculation C28A to be slightly closer to the orbital path of the outlying fragment with which it eventually merges.
As a surviving companion passes by the central bar at periastron (panel 4 in Fig. 3 ), there is a transfer of energy and angular momentum from the rapidly spinning bar to the more slowly orbiting companion, resulting in a small initial increase in the eccentricity of the orbit. After completing approximately four orbits, the final state is that of two rotationally supported, gaseous discs orbiting about their common centre of mass in an orbit of relatively low eccentricity (i.e. e:0.2).
The evolution of the orbital paths described by the two surviving fragments is plotted in Fig. 4 . It is obvious that the orbit undergoes significant change throughout the calculation, with different processes, such as mass accretion and tidal effects, contributing to that change. These effects, combined with the fact that the fragments do not possess spherical symmetry, mean that the orbits are not closed ellipses, making the analysis of their orbital motion rather complicated. In particular, the effect on the form of the orbit arising from material being accreted from the surrounding nebula depends on factors such as the specific angular momentum of the accreted material, the point around the orbit at which the material is accreted, and also the trajectory of the accreted material relative to that of the mass-gaining fragment. An added complication also arises from the fact that the centre of mass of the binary may not initially be at the centre of mass of the whole cloud, but moves towards that point as more mass is accreted from the surrounding medium. This effect, however, is generally a minor one in the calculations presented here.
We will now consider the orbital evolution of these two objects in greater detail, concentrating on the lower-mass object because it is more strongly affected by environmental factors. During the first periastron passage (panel 4 of Fig.  3 ), angular momentum is transferred from the rapidly rotating bar structure to the orbiting companion, giving an initial impulse to its orbit, and increasing the orbital eccentricity slightly. Following the orbital path in Fig. 4 , it may be observed that the secondary's orbit then undergoes a period of decay, caused by the accretion of material that has a lower specific angular momentum, and by the transfer of angular momentum to the outlying material by the action of tidal torques. These tidal torques are similar to those investigated by Goldreich & Tremaine (1980) , Lin & Papaloizou (1979 , 1993 and Artymowicz et al. (1992) , when considering the interaction of planets and binary companions embedded in circumstellar discs (see also Boss 1984) . In fact, a transient circumbinary ring was found to form during this particular calculation due to the relative proximity of the companions relative to the original cloud dimensions.
Analysis of the mass, angular momentum and specific angular momentum of the secondary object during this time period of orbital decay indicates that, whilst the mass and angular momentum are increasing, the specific angular momentum is in fact decreasing due to the accretion and tidal transfer processes. This decrease of specific angular momentum causes the secondary to spiral in towards the primary on a time-scale of only one-and-a-half orbital periods.
At this point, the central disc has sufficient mass, and the orbital separation is sufficiently close, that a strong tidal interaction can occur between the disc of the primary and the secondary. Hence, spin angular momentum is transferred from the disc to the orbit of the companion, increas-664 R. P. Nelson © 1998 RAS, MNRAS 298, 657-676 Figure 3 . The evolutionary sequence for calculation C28A described in Table 1 . Particle projections are plotted in the x-z plane. Note the changes in scale between panels 1 and 2, so that the details of the central regions become clearer. The time, in units of the initial cloud freefall time, is shown at the top of each panel. One unit along the axes corresponds to :0.005 pc.
ing the orbital eccentricity and separation. To be certain that such an interaction can indeed lead to the increase in orbital separation observed, a separate calculation was performed. The surrounding material was removed from the calculation C28A, leaving only the binary components, so that there would be no confusion between the tidal and accretion effects. The calculation was then restarted at a time corresponding to panel 6 in Fig. 3 . The time sequence of this calculation is shown in Fig. 5 , in which projections of the particle positions are plotted in the x-z plane. The time evolutions of the spin angular momentum of the primary disc, and the orbital angular momentum of the secondary, are plotted in Fig. 6 . Both of these quantities are expressed relative to the primary's centre of mass, since it is then possible to observe directly the correspondence between changes in the angular momentum of the orbiting companion and changes in the spin angular momentum of the primary.
Following the time sequence of the calculation in Fig. 5 , it is apparent that a small ( 0.7 per cent) amount of mass transfer occurs at periastron, and that an m:2 bar-like distortion is excited in the primary disc. This bar-like configuration is rotating with a higher angular velocity than the orbit of the companion, and so is initially able to transfer angular momentum to the orbit. This is shown in Fig. 6 , where the angular momentum of the orbit increases at the expense of the spin angulr momentum between times t:0 and t:0.03. The bar-shaped distortion appears to be quite long-lived, however, and the orbital separation is relatively small even at the point of furthest separation (i.e. a few disc radii). As a consequence, the disc is able to remove angular momentum from the orbit. In Fig. 5 , the leading end of the bar, which was initially closer to the binary than the trailing end, moves away from the companion as the primary disc rotates. At the same time, the trailing end moves closer to the secondary, exerting a retarding torque in the process, and removing angular momentum from the orbit. Since the bar continues to rotate with a higher angular velocity than the orbit, the trailing end overtakes the companion and becomes the leading end, transferring angular momentum back to the orbit. The repetition of this chronological sequence leads to the oscillatory nature of Fig. 6 . Consequently, the net angular momentum transfer averaged over time depends upon the phase relation between the orbit and the pattern speed of the bar distortion. Over the period of one orbit, it is obvious that the net transfer is from the spin of the disc to the orbit of the companion. This indicates that the widening of the orbit in the full calculation C28A, as shown in Fig. 3 , is due to a real effect within the simulation, namely the strong tidal interaction between the primary disc and the orbiting secondary.
The calculation described above, consisting of two tidally interacting discs, was repeated a number of times using different values of the viscosity parameters decribed in Section 3. It was found that the tidal exchange had a weak dependence on these parameters.
A measure of the importance of the disc self-gravity in these tidal interactions may be estimated from the Toomre Q parameter, which may be defined as
for a gaseous disc (Binney & Tremaine 1987) , where is the epicyclic frequency, c s is the sound speed and is the surface density. In order for a disc to be stable against the growth of axisymmetric perturbations, it is required that Q1. The discs that are formed in the calculations presented in this chapter are not well resolved, because the gravitational softening length, h g , which is held constant throughout the calculations in order that energy be conserved, is chosen to be appropriate to the length scales present at the beginning of the calculation rather than those present at the end. Consequently, h g is approximately equal to half the radius of the larger disc shown in Fig. 5 , and is equal to a few times the disc thickness. An alternative estimate of the Q parameter, more appropriate to softened gravitational potentials, is given by
where e:2.718 28 . . . . Application of this expression to the larger disc shown in Fig. 5 yields values of Q:5, implying that the gravitational softening results in a significant reduction in the importance of the self-gravity within the discs, and therefore in the effects that it may have during the tidal interactions. In summary then, calculation C28A results in the formation of a binary system, with mass ratio of q:M 2 /M 1 :0.43, an orbital eccentricity of e:0.2 and a period of P:10 4 yr. The accretion of high-angular-momentum material, and tidal interactions, cause the orbital separation to increase, Collapse and fragmentation of clouds 665 © 1998 RAS, MNRAS 298, 657-676 Figure 4 . The evolution of the orbital paths described by the two surviving fragements formed in calculation C28A, viewed in a frame in which the centre of mass is at rest, and is projected on to the x-z plane. The orbit is shown between the times t:1.370t ff (which corresponds to panel 4 in Fig. 3 ) and t:2.201t ff . The inner orbit corresponds to the more massive fragment at the outer orbit to the smaller, secondary companion. The time evolution is such that the first orbit is denoted by the solid line, the second by the dashed line, the third by the dotted line, and the fourth by the dotted-dashed line.
ensuring the long-term stability of the system against merger.
Calculation C48A
The initial parameters used in this calculation were :0.25, a/b:4 and :0.08. The perturbation spectrum is that labelled as 'A' in Table 1 . The mass of the cloud is M:3.97 M ᖿ , its temperature T:10 K and length L:0.2 pc. The time evolution for this run is shown in Fig. 7 , in which particle projections in the x-z plane are plotted. The time represented by each snapshot is shown at the top of each frame, in untis of the initial cloud free-fall time, where t ff :Z3 /32G %31 000 yr.
R. P. Nelson
© 1998 RAS, MNRAS 298, 657-676 Figure 5 . The positions of the particles during the calculation performed to test then strength of the tidal interaction between the primary disc and the secondary. A small amount of mass can be seen to be transferred from the primary to the secondary in panel 2, and it may be observed that an m:2 distortion is excited in the disc. Comparison between panel 1 and panel 6 shows that the binary separation has increased slightly.
Moving from left to right and top to bottom in Fig. 7 , it can be observed that the cloud initially undergoes collapse down on to the long axis, before fragmenting into a number of discrete condensations. As the cloud evolves, these fragments tend to merge, until a triple system remains, consisting of a more massive central fragment with two slightly smaller, nearly equal-mass fragments on either side. Panel 4 of Fig. 7 shows that the fragments lie almost exactly in a line, a configuration that appears to be stable for a considerable period of time. This suggests that the conditions at the point of formation of the triple system are similar to those necessary for a Lagrangian straight-line solution to the threebody problem (Danby 1988 
between the relative positions, where the r ij are constants, which are defined by the fact that r ij :r ij R (t 0 ) at some initial time t:t 0 , and R (t) is a time-dependent vector quantity that describes the scaling of the relative positions. Also required is the condition that the angular velocities of each of the particles are equal, so thaṫ 1 :˙ 2 :˙ 3 :˙ (t).
Taking the origin of the coordinate system to be the centre of mass, and using equation (9), one can obtain the expression
which may be written as
This may be generalized for any particle i as :2m 2 (r 1 2r 2 )
Thus, mass m 1 will in general move in an elliptical orbit about the centre of mass. Similar expressions to equation (14) follow for the remaining masses, and in each case may be rewritten as
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Similar expressions follow for the remaining particles, but are not shown for the sake of brevity.
Thus, K is a constant that is to be determined by the initial conditions, and may be used to check, along with the angular velocities, how close the three objects obtained in the calculations are to a Lagrangian straight-line solution. The value of K may be measured from the simulations for each of the three fragments shortly after their formation.
Comparing the values of K obtained for each fragment will then provide information on how close the triple configura-668 R. P. Nelson © 1998 RAS, MNRAS 298, 657-676 Figure 7 . The time evolution of the collapse and fragmentation of the cloud from calculation C48A in Table 1 . The time, in units of the initial cloud free-fall time, represented by each panel is given at the top of each frame. Note that the scales change between many of the panels. A binary system is formed in a highly eccentric orbit. One unit along the axes corresponds to :0.005 pc.
tion is to a straight-line solution. The values of K for each fragment are shown in Table 2 for the time t:1.884, corresponding to a point in time just before that represented by the fourth panel in Fig. 7 . The fragments, shown in panel 4, are numbered as follows: (1) central fragment; (2) rightmost fragment; (3) leftmost fragment. Also shown are the centreof-mass angular velocities of the three fragments, since these must be equal in order for the configuration to be a straight-line solution.
The data in Table 2 indicate that the system is reasonably close to being a straight-line solution, explaining why the fragments maintain their appearance of lying along a line until quite late on as they fall towards one another. In particular, there exists a close symmetry between the two outlying fragments, which, combined with the fact that the central fragment lies quite close to the triple centre of mass, accounts for the initial similarity to a Lagrangian solution. The non-linear terms in the denominator of expression (16) ensures, however, that even a small departure from a straight-line solution will result in substantial variations in the values of K obtained. When considering the near-symmetry of the initial cloud set-up, it becomes clear why a triple system formed from the linear collapse of an elongated cloud might be close to a straight-line solution, particularly when one of the fragments forms near to the centre of the cloud. If complete symmetry about the z:0 plane was imposed, and a fragment was to form at the centre of mass, then a straight-line solution would be formed from these simulations. Perfect symmetry is broken, however, by the addition of small perturbations to the initially uniform particle distribution. The Lagrangian straight-line solution is highly unstable to small perturbations, and as the masses move closer together non-linear gravitational effects become increasingly important in amplifying the difference between the numerically computed solution and the actual straight-line solution. Panel 6 of Fig. 7 , at time t:2.445, illustrates this point, showing that the fragments no longer have the appearance of lying along a straight line.
Three-body systems are only stable if they have a hierarchical structure consisting of a close binary system and a companion object that orbits at a distance that is large compared to the binary separation. Systems in which the three bodies are able to undergo mutual close encounters are unstable, usually leading to the ejection of one of the objects, with a tightly bound binary remaining (Hut 1987) . This is illustrated in Fig. 8 where the result from a numerical calculation of a close, three-body interaction involving only point masses is displayed. The initial conditions for this calculation were taken from the full hydrodynamic calculation, C48A, at a time corresponding to panel 4 in Fig. 7 . The three particles in this calculation were given the mass and centre-of-mass positions and velocities of the three fragments shown in panel 4, and were integrated forward in time using a simple leap-frog integrator. The result of the calculation is the formation of a close binary system, with the third object receiving a large increase in its kinetic energy and being ejected from the system. The trajectories of the three particles are plotted in Fig. 8 . The total energy of each particle is shown in Fig. 9 , in which it may be seen that initially the two outlying fragments were gravitationally unbound from the system and increased their energy as they fell towards the centre. The leftmost fragment in panel 4 of Fig. 7 is slightly closer to the central fragment, and so reaches the point of closest approach to the central fragment before the other outlying object has arrived. Consequently, as the more outlying object falls towards the other two fragments, it 'sees', temporarily, a hard binary, thus giving it an impulsive, gravitational kick. The other two objects move off together, moving apart as they do so, whilst the other fragment passes by, experiencing a reduced gravitational pull on the way out from this first encounter. Consequently, there is a net transfer of energy to the object that was initially more outlying, causing it to escape the system and leaving a tightly bound binary.
If hydrodynamic effects are included in the three-body process, then the outcome may deviate strongly from that which is expected when only point masses are involved. This is particularly the case when the distance of closest approach is comparable to the radius of the gaseous objects, a scenario that has been studied, using SPH, within the context of single star-binary interactions (Cleary & Monaghan 1990 ) and binary-binary interactions (Goodman & Figure 8 . The orbital paths, projected in the x-z plane, followed by the three point masses described in the text. The orbit of the initially rightmost particle is represented by the dashed line, the orbit of the central particle by the solid line, and the orbit of the leftmost particle by the dotted line.
Hernquist 1991) in globular clusters. In such a situation the following effects may become important: the tidal distortion during a close encounter will lead to a change in the form of the gravitational potential experienced by the objects, thus affecting their trajectories; the finite size of the objects may lead to physical collisions between them, allowing mergers or glancing collisions to occur, which are not possible in encounters between point masses; oscillations may be set up in gaseous objects, removing energy from the translational motion of the interacting components. These points may create a situation in which an object is not ejected from the system during a close encounter, but is instead thrown into a highly eccentric orbit. The consequences of these general observations are clearly illustrated in Fig. 7 where, after the initial close encounter, two of the fragments collide and merge, whilst the third object receives a large increase in its kinetic energy, putting it into a highly eccentric orbit but without causing it to leave the system. Comparing the full hydrodynamic calculation with that for the point masses described above, we find that the two fragments that merge correspond to the two particles in Fig. 8 that form a close binary, whilst the fragment that is put on a highly eccentric orbit corresponds to the particle that is ejected from the system in the point-mass three-body interaction, confirnming the notion that the highly eccentric binary formed results from a close three-body interaction. An interesting possibility arising from this calculation is that, instead of forming a long-period binary system, such a three-body interaction may instead lead to the formation of a hierarchical triple system. The rather low resolution at which these calculations were performed increases the merger cross-section of the fragments formed, and it may be the case that higher-resolution calculations of three-body interactions, similar to that shown in Fig. 7 , may avoid the merger of the close binary system, leaving a hierarchical system intact. The plausibility of this hypothetical scenario is currently under investigation.
Higher-N runs
Two calculations were performed to examine the effect on the results of increasing the particle number. Both runs were performed with N%15 000, :0.25 and :0.08. In one case a/b:2, and in the other a/b:4.
The clouds showed similar evolutionaty behaviour to the lower-N runs in both of these calculations: i.e. the clouds collapsed on to their long axes to form a linear structure, and fragmented into a number of subcondensations. As time progressed, these fragments tended to coalesce along the line, until four fragments were left. These fragments then continued to fall towards the centre of the cloud, increasing their orbital angular velocity in the process. All four fragments, in both runs, survived this first periastron passage. The a/b:4 case was run for a longer period of time, and the later phase of the calculation is shown in Fig.  10 . The top left panel shows the fragments during the first periastron passage. The top two fragments originated from the right-hand side of the clouds, and the lower two from the left-hand side. It can be seen that a merger occurs between two of the fragments during this first close encounter, leaving a triple system. The evolution of this triple system is evolved for a short while longer (shown in the remaining panels of Fig. 10 ), but following its continued evolution is prohibited by the small time-step size. The triple system is not in a hierarchical form, so it will undergo fugure close encounters, leading either to the ejection of a member of the system, or to the creation of a highly eccentric orbit as in the calculation C48A described in Section 5.2.2.
As an aside, we remark that this calculation resulted in the formation of discs the spin angular momentum vectors of which were inclined with respect to the orbital angular momentum vector, by approximately 30°. Previous studies of interacting, pre-main-sequence binary stars (Papaloizou & Terquem 1995; Larwood et al. 1996) indicate that such a configuration may lead to the formation of warped accretion discs.
It is apparent from the results of these two test calculations that the basic paradigm described in previous sections remains the same: the clouds undrgo collapse on to their major axes, forming a linear structure that fragments into a number of objects. These objects merge until only a few (four in this case) fragments remain. The fate of these objects depends essentially on their angular momentum content, and on mutually close, non-linear encounters with other fragments. It is worth noting, however, that one important difference arises when the particle number is increased. The number of fragments that form and survive during the fragmentation stage is increased, leading to the existence of four rather than three discrete objects when N%15 000. This increase in fragment number is to be expected when the resolution of the calculations is increased from its previous (rather low) level attained when N%3000 particles were used, but does not seem to change the qualitative picture of how prolate clouds collapse and fragment to form binary/multiple stellar systems.
D I S C U S S I O N
From the results presented in the previous section, it can be argued that the collapse and fragmentation of prolate clouds that are slowly rotating end over end holds promise as a mechanism by which long-period binaries may be formed. One of the striking features of these results is that initial conditions, which are qualitatively very similar, can produce very different outcomes. The reason for this is twofold. First, the breakup of a linear structure, such as is formed when a prolate spheroid collapses on to its symmetry axis, is very sensitive to the initial conditions; and secondly, the formation of fragments along the line leads to non-linear gravitational encounters at closest approach. Small differences in the initial set-up tend to be amplified during such close interactions.
Obviously, the ability of this fragmentation mode to produce a wide spectrum of results is one of the more promising features of this scenario, since binaries are observed to have a large range in their physical properties (Duquennoy & Mayor 1991) .
Orbital evolution
The orbital parameters of the binaries formed in the simulations were found to evolve as the calculations progressed. A number of different processes act on the orbit, including tidal transfer of angular momentum betwen rotating discs and the orbiting companions, accretion of infalling material, dissipative interactions with the surrounding gas, and threebody interactions. Although it is difficult to disentangle the relative importance of these effects, some general observations can be made.
(i) The efficiency with which material is incorporated into the binary components is quite high (50 per cent), so that the effects of 'dynamic friction' with the surrounding nebula material is reduced in its importance. It is therefore unlikely that the binary orbit will decay significantly enough to result in the merger of the components.
(ii) Tidal transfer of angular momentum at periastron appears to be an effective method of increasing the orbital eccentricity and separations of systems that undergo close encounters. If a binary manages to survive beyond the first pericentric encounter, then it seems reasonable to expect it to form a stable system. The excitation of an eccentric distortion in the discs appears to increase the rate at which angular momentum is exchanged. The details of this mechanism for angular momentum transfer have been discussed both within the context of interacting disc galaxies (Palmer & Papaloizou 1982 ) and more recently within the context of protostellar discs by a number of authors, including Ostriker (1994) .
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© 1998 RAS, MNRAS 298, 657-676 (iii) The effect that the accretion of infalling material has on the orbit depends on a number of factors, including the angular momentum of the accreted material, and the position around the orbit where it is accreted. In general, material accreted at later times during the calculations has higher specific angular momentum than the binary components, since the material is falling in from the outer regions of an initially uniformly rotating cloud. This causes the binary components to increase their separation as the calculations evolve.
The introduction of an artificial viscosity leads to the presence of a shear velocity in SPH. This needs to be considered when discussing the transfer of angular momentum in calculations performed with the method. The shear viscosity can have two different effects within the context of angular momentum exchange between a gaseous disc and an orbiting companion. First, if the viscosity is too large, then it will cause the surface density profile of the disc to evolve on a rather short time-scale. This will effect the response of the disc to the presence of a perturber, and hence the level of angular momentum transfer. Secondly, the transfer of angular momentum arises through the action of both resonant and non-resonant torques within the disc (Artymowicz & Lubow 1994) . Resonant torques are caused by the excitation of density waves at Lindblad and/or corotation resonances, which propagate through the disc carrying with them an associated angular momentum flux (Goldreich & Tremaine 1980) . Non-resonant torques, on the other hand, are caused by the creation of a tidal distortion in those regions of the disc closest to the perturber. Owing to the frictional effects of the viscosity, this distortion lags behind the orbiting companion by a degree that is determined by the magnitude of the viscosity, thus producing a viscositydependent torque. If the turbulent and thermal conditions within protostellar discs are such that H/r 0.1 and 10 22 , where H is the disc height, r is the disc radius and is the Shakura-Sunyaev viscosity parameter (Shakura & Sunyaev 1973) , then the Reynolds number typical of such discs may be estimated to be R e :(5/H)
/ #10
5 (Artymowicz & Lubow 1994) . Numerical calculations performed by Artymowicz & Lubow (1994) and Larwood et al. (1996) suggest that the Reynolds number appropriate to SPH disc models is R SPH e
#10
4 , implying that the results obtained for the rate of angular momentum transfer between discs and orbiting companions using SPH are probably appropriate to rather viscous discs. The numerical calculations of Artymowicz & Lubow (1994) , however, indicate that the resonant torques are more efficient at transferring angular momentum than the non-resonant torques, which is consistent with the results described in Section 5.2.1.
Comparison with observations
Low-mass star formation occurs in the dense, cold, molecular cloud cores observed to be present within larger molecular cloud complexes, such as the Taurus-Auriga star-forming region. Observational evidence supporting this point of view comes from the close proximity of T Tauri stars and IRAS sources to these cores (Beichmann et al. 1986 ). The dynamic process of star formation is obscured in these regions, so there exists very little in the way of direct observations of the early stages of the collapse and fragmentation process by which stars are formed. However, there is a growing body of observational data pertaining to the physical characteristics of both pre-main-sequence and main-sequence binary systems. These data may be used as constraints on any binary star formation models that are proposed.
Pre-main-sequence binaries
Systematic searches for pre-main-sequence (PMS) binaries have been undertaken, with a view to creating a statistically significant sample against which theories of binary star formation may be compared. A variety of different techniques have been used to obtain these samples, each of which is appropriate for probing different binary separation scales. Leinert et al. (1993) have surveyed a sample of 104 young stars in the Taurus star-forming region for evidence of duplicity. The projected linear separation range was about 18-1800 au. The reported degree of multiplicity is 42<6 per cent, which is higher than that found for main-sequence (MS) solar-type field stars with the same interval of separation (Duquennoy & Mayor 1991 ) by a factor of 1.9<0.3. The main results relating to binary parameters emerging from the survey are as follows.
(i) The percentage of binaries found does not appear to vary systematically from the brightest to the faintest stars in the survey.
(ii) Closer binaries are more common than wide ones, with a possible maximum at :30 au.
(iii) Double stars with unequally bright components occur more often than those with brightness ratio :1, with a possible maximum occurring at a value corresponding to a mass ratio, q:M 2 /M 1 :0.2-0.3.
A similar survey is reported by Reipurth & Zinnecker (1993) , who systematically searched for PMS binaries in nearby southern dark clouds. The range of separations covered by this survey is about 150-1800 au. A binary frequency of :16 per cent was found for the 238 young stars surveyed, indicating an excess over the MS population for the same separation range. The distribution of separations is found to be a steeply rising function towards small separations, and few binaries are found with equal-mass components. The distribution as a function of inferred mass ratio shows an increase towards decreasing mass ratio q:M 2 /M 1 , and there is no apparent dependence of flux ratio on the binary separation.
Binaries with smaller separations (16-250 au) were surveyed by Ghez et al. (1993) , so that binaries with separations less than the hypothetical T Tauri disc radii are expected to be detected. This survey indicates an excess by a factor of :4 of PMS binaries compared to MS stars.
Owing to the computational expense of performing a large number of calculations similar to those presented in Section 5, it is currently not possible to perform a detailed comparison of the statistical properties of the observed PMS stars with the results of the numerical calculations. Some general remarks and comparisons, however, can be made.
It is obvious that the method of binary star formation presented here is appropriate to the observed binary systems that have the larger separations, rather than those with separations closer to :30 au. Since these closer systems appear to be in the majority, it would seem that the collapse of prolate clouds with the dimensions studied here is not the dominant mode of binary formation. This situation might change if the angular momentum of the clouds were to be reduced. In this case, it might be possible for the discs formed to undergo physical collisions at pericentre, leading to the dissipation of energy, and the formation of closer systems. Considerably more detailed and higher-resolution calculations than those presented here will be required to test this hypothesis.
The observations of PMS binaries suggests that there exists a wide range of mass ratios. One of the interesting outcomes of the numerical calculations is the existence of a range of mass ratios, without any systematic biases being included in the initial conditions. Instead, the spectrum of mass ratios arises naturally as a consequence of the model of fragmentation. After the binary objects have been formed their mass ratio continues to evolve as the components orbit about their common centre of mass and material continues to fall towards the centre of the cloud. The way in which the mass ratio changes depends on a number of factors, including the initial mass ratio after fragmentation, the eccentricity of the orbit, the orbital separation, and the angular momentum possessed by the infalling cloud material. It appears from the calculation C28A that a relatively close, almost circular orbit involving components with q 0.5 favours an increase in q as the system evolves, where q:M s /M p , M s is the mass of the secondary and M p is the mass of the primary. In such a situation, the larger fragment is situated nearer to the centre of mass of the cloud, which is the direction towards which the remaining material tends to fall. However, the less massive companion, by virtue of its orbital motion, is able to intercept the material as it falls towards the larger component and so accrete material at a higher rate, thus increasing the mass ratio. Conversely, if the mass ratio is again q0.5, but the orbital separation is large, as in calculation C48A, then the smaller-mass companion is not able to intercept material as it falls towards the cloud centre because it spends most of its time in the outer regions of the cloud, and so the mass ratio will tend to become more extreme.
As yet, there are no data providing information on the orbital eccentricities of the observed pre-main-sequence stars. Studies of main-sequence stars, however, do provide estimates of orbital eccentricity, though it should be noted that orbital parameters are expected to evolve as stars move away from their status as pre-main-sequence objects due to tidal effects and continuing interaction with residual gas from their parental clouds.
Main-sequence binaries
A number of investigations into main-sequence stellar duplicity have been undertaken (e.g. Abt 1983; Duquennoy & Mayor 1991, hereafter DM) . The most recent, comprehensive study (DM) estimates the binary frequency of G dwarfs to be about 57 per cent in the solar neighbourhood (i.e. within 22 pc), which may increase up to 67 per cent when accounting for possible incompleteness in the survey.
The frequency distribution as a function of mass ratio, q, found by DM is a slowly increasing function of decreasing q until a maximum is reached at q:0.23, with no dependence of mass ratio on orbital separation being found. This latter point is also supported by the analysis of Halbwachs (1987) . The mass ratio distribution is similar to that found in the case of PMS binaries (Leinert et al. 1993) , and so appears to have been established early on in the lifetimes of the binaries.
The binary frequency-period relation found by DM is essentially bell-shaped, with a maximum occurring at :180 yr, corresponding to a separation of about 100 au. There appear to be equal numbers of systems with periods either side of this maximum, implying that substantial numbers of binaries exist with periods 910 3 yr. The distribution of orbital eccentricities can be separated into three parts, depending upon the orbital period. For periods less than 10 d, there is no eccentricity due to the effects of tidal circularization. For periods between 10 and 1000 d, the eccentricity distribution is bell-shaped, with a mean of e:0.34<0.04, and a maximum occurring at e:0.3. For periods greater than 1000 d, the distribution is less clear, though it is claimed that the data can be fitted with the relation f (e):2e, where f (e) is the frequency distribution as a function of eccentricity. It is apparent, however, that binary systems almost never form with circular orbits, and that the orbits of long-period binaries are generally quite eccentric (e9), though with a large spread occurring in the range 0.2 e 0.8. From Table 1 , it can be seen that the binaries formed during the calculations presented in this chapter generally have quite eccentric orbits, and one would expect since they were formed by the breakup of an elongated cloud. However, it is possible for relatively low eccentricities to arise within this scenario, as illustrated by calculation C28A, from which a binary with an eccentricity of e:0.2 was formed. The eccentricity of orbits formed by the fragmentation of a rotating cloud is determined by a number of factors, which are essentially the masses of the fragments, the elongation of the cloud, the position along the length of the cloud at which the fragments form, and the angular momentum of the cloud about its short axis. To illustrate these points, we consider the motion of a particle about a fixed, central mass. The equation of the orbit of such a particle, expressed in polar coordinates, is given by r: l
where r is the distance from the central object, l is the semilatus rectum, e is the eccentricity and ( 2 0 ) is the position angle about the origin with respect to pericentre. By definition,
where J is the angular momentum of the particle, M is the central mass, m is the mass of the particle and G is the gravitational constant. From equation (17), the maximum separation is given when ( 2 0 ): , so that
and we obtain the relation e:
A similar analysis for the full two-body problem can be performed, except that when calculating the relative orbit of two masses the actual physical properties of the components, such as the angular momentum, J, do not arise in a simple fashion. Instead, one has the angular momentum integral, h, which represents the relative orbital angular momentum of the system, and is not measured with respect to the system centre of mass. From equation (20) it can be seen that, all other things being equal, the following relations hold.
(i) An increase in r max yields a higher orbital eccentricity.
(ii) An increase in J produces a less eccentric orbit.
(iii) An increase in mass results in a more eccentric orbit.
Thus, a cloud with a higher degree of elongation is expected to result in binaries with more eccentric orbits. Inspection of the eccentricities listed in Table 1 seems to support this view.
It is clear that a wide range of periods and eccentricities can result from the collapse of prolate clouds, and that these parameters can be influenced by changing the degree of elongation of the cloud, by changing the cloud angular momentum, or by changing the cloud mass. Freedom of movement is, however, restricted by observational constraints, particularly when it comes to increasing the level of rotation.
Comparison with previous work
The fragmentation of rotating clouds has long been favoured as a means by which binary/multiple star systems are formed, and has found popularity because of its potential for solving the 'angular momentum problem' of star formation. Early calculations of the fragmentation of rotating, spherical clouds usually resulted in approximately equal-mass systems with near-circular orbits. Such systems are rarely observed.
Interest has arisen in the possibility that the fragmentation of finite cylinders, rotating end over end, might be a mechanism by which binaries are produced (Bonnell et al. 1991; ). This scenario is related to the earlier calculations of non-rotating, collapsing, cylindrical clouds performed by Larson (1972) , Bastien (1983) and Rouleau & Bastien (1990) , who found that the cylindrical clouds typically fragmented into two equal-mass condensations located at each end of the cylinder. The calculations of Bonnell et al. (1991) took as their initial conditions uniform cylinders, with differing axial ratios, and differing values of and , which are the ratio of thermal to gravitational energy and the ratio of rotational to gravitational energy, respectively. As expected from the initial conditions, the dominant behaviour of the clouds was to produce long-period, eccentric binaries with mass ratios q:1. These binary objects formed at the ends of the cloud, and it is therefore likely that the fragmentation mode is related to the 'end effect' discussed in Section 1. However, for lower values of it was found that the inner regions of the cylinder collapsed on to the symmetry axis and fragmented, resulting in the formation of two large objects towards the ends of the cloud, and minor clumps forming in the more central regions. This line fragmentation process is obviously the same as that found for prolate spheroids, except that in the case of finite cylinders it is not the dominant mode by which the clouds form binaries. In this scenario, it is necessary to introduce a density gradient along the length of the cloud in order to produce unequalmass binaries , which, from Table  1 , does not appear to be the case for the fragmentation of a prolate spheroid because of the different mode of fragmentation. Also, the orbital eccentricity resulting from the fragmentation of a cylinder is generally greater than that obtained from the breakup of a prolate spheroid, because the fragments are initially located at the ends of a cylindrical cloud -i.e. r max in equation (19) is larger. It has been shown, however, that three-body encounters are capable of producing large eccentricities during the breakup of a prolate spheroid.
In a recent paper, Boss (1993) undertook a study of collapsing, prolate clouds, with axial ratios of 1.5:1 and 2:1, and with centrally condensed density profiles. Qualitatively, the results obtained were similar to those presented here, with the cloud initially collapsing to a spindle configuration, which subsequently fragmented into a number of condensations, finally forming a binary. The question of whether or not these binaries were orbitally stable was not answered by these grid-based calculations, which were unable to follow the subsequent trajectories of the bound condensations. Calculations by Burkert & Bodenheimer (1993) have also been presented, in which the breakup of an elongated structure into a number of condensations was found to occur. The long-term evolution of this system beyond the initial fragmentation stage was not followed, however, so the final fate of the system is still open to speculation.
C O N C LU D I N G R E M A R K S
The calculations presented in this chapter show that the collapse and fragmentation of slowly rotating, prolate spheroids is a viable mechanism by which binary/multiple stellar systems may be formed. For a range of cloud parameters that are similar to those observed to exist in dense, molecular cores, this mode of fragmentation produces longperiod systems, with typical periods 910 4 yr. A wide range of eccentricities and mass ratios appear to occur as a natural outcome, and this is one of the favourable points of the model.
For binaries whose orbital plane coincides with the plane of the discs, it seems that tidal interactions at closest approach are able to increase the orbital separation and eccentricity, and consequently it is tempting to conclude that any system that survives the first periocentric encounter will form a long-lived binary. The continued accretion of material with high specific angular momentum also helps to increase the orbital separation, and the fact that most of the oribital cloud mass is eventually incorporated within the binary components reduces the drag effects of the surrounding nebula, and makes it highly unlikely that the components will merge at later times.
Close three-body interactions were also shown to play an important role in shaping the long-term evolution of a resulting binary system, by providing a mechanism for creating highly eccentric, very long-period systems. An interesting speculative possibility is that higher-resolution calculations of such three-body interactions, after the initial fragmentation of a cloud, may lead to the formation of a hierarchical triple system rather than a binary by avoiding the merger of the two companions that form the close binary during such three-body encounters.
Test calculations indicate that increasing the number of particles in the simulations can increase the number of fragments formed, leading to more complex dynamic evolution, and consequently a broader range of binary mass ratios, eccentricities and orbital periods. It is also probable that increasing the resolution would allow more of the clouds studied in this paper to form binary or multiple systems that are able to survive their close encounter after the initial fragmentation stage, indicating that the fragmentation of prolate clouds may provide a highly efficient method of forming multipel stellar systems.
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